Measurements show the scaling of stimulated Raman scattering ͑SRS͒ with laser intensity and plasma electron temperature under the conditions expected in ignition experiments. The scaling of the scattered energy with each parameter follows a power law with a small exponent ͑of order 1͒. Comparison with simulations suggests SRS is nonlinearly saturated in these cases. Further experiments with high Z dopants showed that the effect of electron-ion collisions on the measured SRS is primarily due to the inverse bremsstrahlung absorption of the scattered light.
I. INTRODUCTION
Reliable prediction of the stimulated Raman ͑SRS͒ and Brillouin scattering ͑SBS͒ in plasmas expected in indirectly driven inertial confinement ignition schemes 1 is critical to its success. The plasma and laser parameters make it difficult to remain below the linear thresholds of filamentation and the three wave resonant backscatter instabilities, SRS and SBS in present target designs. 1 In fact, the SRS and SBS linear gain exponents ͑Ͼ20͒ 2,3 are large enough that nearly total reflection of the incident light would be predicted without accounting for the nonlinear response of the plasma. In previously reported experiments conducted on the Nova laser facility with plasma and laser conditions similar to the present study, SRS was found to increase with the fraction of low-Z ions in the plasma, 4 ,5 most likely indicating a dependence on the damping rate of the acoustic wave in multispecies plasma. 6 Because linear SRS growth rates do not depend on this acoustic wave damping rate but the Langmuir decay instability ͑LDI͒ threshold does increase with the acoustic wave damping rate, [7] [8] [9] this dependence has been interpreted as evidence that LDI limited the amplitude of the SRS-driven Langmuir wave and thus SRS as well. More direct evidence of LDI has come from Thomson scatter from the LDI decay products, both from the acoustic wave 10 and the Langmuir wave 11 in exploding foil plasma and from the acoustic wave in high temperature plasmas. 12, 13 Further experiments with intersecting beams have shown the Langmuir waves involved in SRS to be nonlinearly saturated. 14 One difficulty with this interpretation is the rather high threshold for LDI in Nova plasmas where the electron Landau damping of Langmuir waves and ion Landau damping of the acoustic waves is so strong that the calculated Langmuir wave amplitude remains below the LDI threshold even when SRS is large. It has been suggested that the electron Landau damping may be much lower than assumed because an inverse bremsstrahlung-heated velocity distribution can have a super-Gaussian form 15 which has many fewer electrons near the phase velocity of the Langmuir wave than a MaxwellBoltzmann distribution with the same kinetic energy. 4, 16 Recent measurements of Thomson scattering from thermal electron plasma fluctuations 17 in a high Z plasma find spectra that are best modeled with a spatially uniform super-Gaussian shape for the subthermal electrons and a MaxwellBoltzmann for the suprathermal electrons. Furthermore, Fokker-Plank calculations 18 that include electron-electron collisions show for Nova-like plasmas that the high velocity electrons responsible for damping Langmuir waves have a Maxwellian tail even if the low velocity electrons are nonMaxwellian. The two component distribution that fits the data might also represent an average over a strongly nonMaxwellian distribution in localized hot spots of the laser, and a less distorted distribution in parts of the scattering volume in which the intensity is lower. These considerations make it apparent that, even with the presence of a substantial population of nonthermal electrons, the damping may not be reduced as much as we will show is needed to model SRS saturation with LDI only.
Another nonlinear plasma response to SRS-produced Langmuir waves is trapping of electrons near the phase velocity which can alter the damping rate 19 and the frequency. 20 Recent particle-in-cell simulations predict that SRS will saturate by LDI for low temperature or high density (k de Ͻ0.15) and by particle trapping for high temperature or low density (k de Ͼ0.25). 21 Here k is the wavenumber of the Langmuir wave and de is the electron Debye length. In linear theory, the ratio e / e of the Landau damping rate, e , to the frequency, e , of a Langmuir wave is a function of k de only. In nonlinear theory, the frequency and damping also depend on the ''bounce'' frequency, b ϭkv tr ϳ(␦n lw ) 1/2 where ␦n lw is the amplitude of the Langmuir wave. In Vu et al. 21 the SRS saturation is attributed to a detuning or frequency shift of the Langmuir wave from the frequency of the beat ponderomotive force of the light waves. Other simulations 22 with a Vlasov code have observed a sideband instability which grows at rate proportional to the bounce frequency and drains power from the primary Langmuir wave that Raman scatters the light, thus saturating SRS. These particle trapping effects, which do not depend on the acoustic wave damping, do not explain the dependence of SRS on ion acoustic wave damping. Other effects could be responsible. For example, such a dependence can arise from the nonlinear competition between SRS and SBS for laser power. 23 In fluid simulations, 24 the reflectivity of one instability is shown to be reduced by the presence of the other when total reflectivity level is as low as 1%-2%. Anticorrelation of SRS and SBS has been reported in a number of experiments, including Nova experiments on gasbags 25 similar to the ones reported here. In those Nova experiments, the SRS was seen to increase with the gas-fill density whereas the SBS decreased. Other experiments on hohlraums with large SRS and very little SBS have reported on a weak SRS scaling with electron density. 26 With such a complex system with several ͑not completely satisfying͒ interpretations published, it is of great value to vary the external parameters believed to play the principal roles in determining the nonlinear state of SRS to test and inspire theoretical insight. In the past, the scaling with electron density and plasma composition has been reported. Here, we report the scaling with laser intensity and electron temperature. We emphasize that the scaling of SRS as a convective three wave instability with an exponential dependence of the reflectivity on the gain exponent is not being tested in this experiment. Even at the lowest intensities used in these experiments, the linear gain exponent for SRS is sufficient to account for greater reflectivity than observed. When the role of laser hotspots is included, it has been shown that there is a critical ͑spot-averaged͒ intensity below which there is insignificant backscatter and above which the plasma response is nonlinear. 27, 28 Experiments that measured the intensity dependence of SBS in weakly damped gasbag plasmas 29 and SRS in toroidal hohlraums 26 have observed this sudden onset. In Sec. II we will describe experiments studying the dependence of SRS on the beam intensity, and with the aid of simulations will interpret it in the context of the many processes described earlier.
We will also describe experiments in which the dependence on SRS on electron temperature is studied. To aid the understanding of the temperature scaling measurements we also performed measurements when the atomic composition of the plasma was varied. These latter experiments are important because they allow processes that depend on both the ion charge ͑Z͒ and the electron temperature ͑such as electron-ion collisions͒ to be varied independently from processes that depend only on electron temperature ͑such as electron Landau damping͒. In particular, the light absorption rate, abs 0,r ϭ pe 2 ei /2 0,r 2 where the electron-ion collision frequency, ei ϭ(4ͱ2/3ͱm e T e 3 ) ͚ j n j Z j 2 e 4 ln(⌳), depends on the electron density, n e , the electron temperature, T e , and the charge state Z j and density n j of each ion species. Hence, the laser light is strongly absorbed in the high-Z plasma but weakly absorbed in the low-Z plasma. Here, m e is the electron mass, e is the electron charge, n c is the critical density, and ln͑⌳͒ is the Coulomb logarithm. It is convenient to define
so that the electron-ion collision frequency is proportional to
͗Z
2 ͘/Z. In an attempt to separate the effects of the variation of the light wave damping from the plasma wave damping which both vary with T e , we added Xe to C 5 H 12 plasma to increase the collisional absorption. It is also clear that the SRS light is more strongly absorbed than the incident light because its group velocity is slower and it is closer to its critical density. We will describe the scaling of SRS with Z and compare it with the observed scaling with electron temperature.
II. EXPERIMENTAL DESIGN
The experiments are performed primarily in low-Z CH plasmas produced by pre-heated, gas filled, targets 30, 31 at the Nova laser facility. The targets are nearly spherical, thin polyimide bags filled with a gas mixture consisting of two types of CH molecules (C 5 H 12 and C 3 H 8 ) at atmospheric pressure. The target is shown schematically in Fig. 1 . The gas is also doped with Ar for x-ray spectroscopic temperature measurements, and also with Xe in the case of collisional damping scaling experiments. A pure C 5 H 12 gas at ϳ1 atm pressure produces a plasma with an electron density that is 11% of the critical density for the 351 nm laser beams, while a pure C 3 H 8 gas at that pressure produces a plasma that is 7.1% of the critical density, and mixtures produce densities in between. The target is pre-heated with nine unsmoothed defocused 351 nm heater beams, each delivering р2.5 kJ in a 1 ns square pulse. The plasma present between 0.5 and 1.0 ns is hot and homogeneous, with an electron temperature of ϳ3.0 keV at maximum heater energy ͑determined by spectroscopy measurements 30 ͒ and a nearly 2 mm density plateau inside a radius of 900 m with rms density perturbations ͑inferred from Thomson scatter 32 ͒ of less than 5%. The temperature of the plasma is varied by adjusting the heater energy from 1.0 to 2.5 kJ per heater beam. The corresponding plasma temperature is measured by x-ray spectroscopy at each heater energy and confirmed by Thomson scattering from a 263 nm probe beam 31 at the highest heater energy. The measured temperature is found to be adjustable from 1.5 to 3.0 keV. A tenth interaction beam with a 1.0 ns square pulse is fired at 0.5 ns. The interaction beam is focused at rϭ900 m with either an f /8 or f /4.3 lens, and is conditioned with random phase plates ͑RPPs͒ designed with Airy function intensity profiles. Two different RPPs are used in the f /8 configuration, one with a best focus FWHM ͑full width half maximum͒ of 420 m, which is used for intensities below ϫ10 15 W/cm 2 , and a second with a FWHM of 160 m, which is used for lower intensity experiments, while a third RPP with a FWHM of 120 m is used in experiments with the f /4.3 beam ͑all spot sizes are calculated for ideal beams with vacuum propagation͒. The backscattering is measured by a full aperture collection system ͑FABS͒ that is sensitive to light inside the laser cone and an imaging system that measures light with scattering angles between the edge of the beam cone ͑3.6°at f/8 and 6.6°at f /4.3), and 18°away from the beam axis, where the fluence is found to be low. The time dependence ͑resolution ϳ100 ps͒ and spectrum of the scattered light in the lens cone is measured by a streaked spectrometer. A time resolved scattered spectrum in the range of ϭ400-600 nm is shown in Fig. 2 . In Figs. 3-5, the reflected energy is binned into that collected in the 0.5-1.0 ns ''early'' period, when the heated plasma is most homogeneous, and the 1.0-1.5 ns ''late'' period, after the heater beams have turned off and when simulations indicate the plasma is cooling.
III. THE DEPENDENCE OF SCATTERING ON LASER BEAM INTENSITY
The intensity of the interaction beam is varied from 3 ϫ10 14 to 2.5ϫ10 15 W/cm 2 in experiments with both 7% and 10% critical density targets. The energy collected in the range of the spectrometer at early and late time is used with the incident energy to determine the reflectivity due to SRS, and is plotted in Figs. 3͑a͒ on electron temperature we have performed experiments in which the temperature of the plasma is varied.
IV. TEMPERATURE DEPENDENCE OF SRS
The temperature scaling experiments are designed to allow the effects of the variation of the inverse bremsstrahlung absorption rate of the incident ͑351 nm͒ and scattered ͑500-600 nm͒ light to be accounted for, and the scaling of the scattered light with electron temperature to be identified separately. To do this we use an f /4.3 interaction beam that has a region of best focus which is smaller in the axial direction (⌬zϳ516 m half width at half maximum͒ than the inverse bremsstrahlung absorption length, L, of the incident 351 nm light propagating in our plasma conditions ͑L 351 у1.4 mm at n e ϭ10 21 cm Ϫ3 , T e у1.5 keV, CH plasma͒. The beam is then focused to an intensity of 4ϫ10 15 W/cm 2 near the plasma edge (rϭ0.9 mm) in a plasma that is fairly uniform for rϽ1.0 mm and tϽ1.0 ns, so that the incident beam is not substantially absorbed before it reaches the region of best focus and the intensity near best focus is not significantly dependent on the plasma electron temperature. The absorption length of the scattered light is smaller (L 527 Ӎ580 m at n e ϭ10 21 cm Ϫ3 , T e у1.5 keV, CH plasma͒ due to its longer wavelength. The effect of absorption on the reflectivity is calculated and discussed in the following. The timing and pulse shapes are the same as in the intensity scaling experiment. The target is filled with C 5 H 12 gas with a 1% Ar impurity to produce an 11% critical density plasma in which ion wave damping is strong, which earlier experiments 4,5 indicated would suppress SBS and other secondary decay processes and allow SRS to grow to large values. The temperature of the target plasma is varied by varying the energy in the heater beams. The temperature in the plasma, predicted by simulations, is confirmed by x-ray spectroscopic measurements at a radius of 400 m in a region adjacent to the interaction region. 30, 32 Heater energies in the range of 9.5-22 kJ produce plasmas with electron temperatures in the range of 1.5-3.0 keV. These values of temperature and those used in the figures represent the plasma inside the interaction beam that is heated by both the interaction beam as well as the heater beams. To include the effect of the interaction beam on the temperature, the temperature measured in the region heated only by the heaters is upwardly corrected by a factor determined from LASNEX 32 simulations. The LASNEX simulations determine the correction factor by calculating the temperature under the conditions of each experiment and repeating the calculation with the interaction beam off. The ratio of the temperature at the center of the interaction beam to that when the beam is absent is calculated for each case and the temperature measured in the experiment is multiplied by this factor to determine the temperature in the region of the interaction beam. This correction is largest at the lowest heater powers where it is less than 30%. The light scattered by SRS is measured in a series of shots with varying electron temperature and plotted versus the corrected temperature in Fig. 4 .
The SRS measurements shown in Fig. 4 indicate that the percent reflectivity of the beam varies weakly with plasma electron temperature over the range of 1.5-3.0 keV in spite of the fact that the Landau damping rate in a Maxwellian plasma varies by more than an order of magnitude over this range. However, such a weak dependence on wave amplitudes on the linear wave damping rate may be consistent with nonlinear saturation mechanisms discussed in the following.
V. EFFECT OF ELECTRON-ION COLLISIONS ON SRS
Because the variation of the SRS with temperature is so weak it cannot be solely attributed to a temperature dependence of the collisionless damping of the scattering plasma wave. Thus, the temperature dependence due to other temperature dependent processes is considered. As mentioned earlier, the collisional absorption of the out going Raman light by inverse bremsstrahlung absorption may make the observed scattering dependent on electron ion collisions. This dependence on electron-ion collisions is tested experi -FIG. 4 . Laser reflectivity from an f /4.3 beam due to SRS vs the electron temperature of an 11% critical density target, measured by x-ray spectroscopy at rϭ400 m.
FIG. 5.
Laser reflectivity from an f /4.3 beam due to SRS vs the electron-ion collision rate from experiments in 11% critical density targets with varying ion species concentration (͗Z mentally, by varying the ion charge of the target, which will vary this rate and may also affect the plasma weakly in other ways ͑such as heat transport, or variation in the ion acoustic wave properties, or the trapping of electrons in the plasma wave͒. From the measured dependence of SRS on Z and the expected dependence of the out going light on inverse bremsstrahlung absorption, the relative importance of these other processes on SRS can be inferred. A series of further experiments were performed to determine the importance of electron-ion collisions and other Z dependent processes to the observed temperature scaling, by varying the Z of the material, while keeping the electron temperature constant. This was done by varying the average ion Z(ϭ͗Z 2 ͘/͗Z͘) by adding up to 13% Xe ͑by molecular number͒ to the C 5 H 12 gas. The heater and interaction beams were as described for the temperature dependence experiments above, with the heater beams at maximum power. Measurements of the gas bag temperatures were obtained by x-ray spectroscopic analysis of the Ar emission ͑with 1% Ar impurity 29 ͒ spectra and showed that the peak ͑in time͒ of the temperature was between 3.3 and 2.9 ͑Ϯ0.6͒ keV for gas bags with no Xe and 13% Xe ͑respectively͒, which is consistent with the predictions of LASNEX simulations. At the same time the simulations indicate that the Xe was stripped to a charge state of Zϳ40 so that the electron density varied by less than 0.5% over the same range of dopant concentrations. The slightly lower temperature upon adding Xe is ascribed to greater radiative cooling ϳZ 2 . Thus these targets provide nearly independent adjustment of ͗Z 2 ͘/͗Z͘ and electron temperature.
This allows the effect of a change in electron-ion collisions and other Z dependent processes to be separated from the effect of a temperature change, which will affect SRS both through a change in the electron ion-collision rate, and through collisionless damping, and can clarify the relative roles of the collisional absorption of the out going light and variation of the Langmuir wave Landau damping rate on the scattered SRS measurements. Data on SRS scattering are taken from targets doped with 13% Xe and from beam intensities equivalent to those in the temperature scaling experiment (Iϭ4ϫ10 15 W/cm 2 ) and at a lower intensity (Iϭ2ϫ10 15 W/cm 2 ). It is observed that the variation of the measured SRS scattering with
͗Z
2 ͘/͗Z͘ is also quite weak, and is not significantly different from variation of SRS with electron temperature, when both are considered to affect only the electron ion collision rate. This is seen in Fig. 5 from the fact that the data from the two different experiments do not have significantly different values when compared at the same value of electron ion collision frequency, and the same laser beam intensity ͑i.e., the data in Fig. 5 correlate with a particular collision rate regardless of whether the atomic number is being varied or the electron temperature is being varied to obtain that collision rate͒. The curves in Fig. 5 represent an estimate of effect on the SRS of the inverse bremsstrahlung absorption of the scattered light for two idealized models of a spatially uniform scattering wave, one in which the mean square amplitude of the scattering wave is independent of the collision rate ͑la-beled ''constant, uniform ␦n/n''͒, and one in which it is linearly proportional to collision frequency ͑labeled ''uniform (␦n/n) 2 ϳ e,I ''͒. The estimates assume that the out going light is reabsorbed by inverse bremstrahlung in a homogeneous plasma, and that the total scattered power is the sum of the scattered power from each region which has been attenuated exponentially along the path to the plasma edge ͑i.e., incoherent scattering with phase dependence averaged͒. So when the plasma and wave amplitude are uniform and the plasma is much thicker than the inverse bremsstrahlung absorption rate ,
͑1͒
which gives the solid line in Fig. 5 . In the case where the wave amplitude ‫ץ‬n 2 is portional to the electron ion collision rate the scattered power will not depend on the collision rate because it cancels with the dependence of in the denominator. The fact that the dependence of the data on collision rate is within the range of the first of these two estimates ͑when a single amplitude scale factor is adjusted to fit the data͒ suggests that much of the dependence of SRS on temperature observed in Fig. 4 is due to the variation of the inverse bremsstrahlung absorption rate of the out going light with the electron temperature, and that all other temperature dependent processes have a still smaller effect on the SRS temperature dependence. The intensity scaling in Xe doped targets is also observed to show the SRS reflectivity is close to linear with intensity as in the above-mentioned pure CH targets.
VI. MODELING
SRS is a three wave resonant instability in which the incident large amplitude coherent laser light wave decays into a backward propagating light wave and a Langmuir wave. The waves must maintain temporal and spatial phase coherence, which imposes the well-known frequency and wavenumber matching conditions, 0 ϭ r ϩ p and k 0 ϭk r ϩk p . Here, the subscripts 0,r,p refer to the incident light, the reflected Raman light, and the Langmuir wave, respectively. We restrict our attention to convective amplification because the threshold is lower than that for absolute instability and the convective gain in these experiments is sufficient to reflect a large fraction of the light absent nonlinear processes. The convective temporal threshold, ␥ 0,SRS 2,th ϭ r p is easily satisfied where ␥ 0 is the SRS convective growth rate and r and p are the damping rates of the Raman reflected light and the Langmuir wave, respectively. More important is the convective gain exponent,
where ⑀ϭ1ϩ e ϩ i is the dielectric function for the plasma wave of frequency r Ϫ 0 and wavenumber k 0 Ϫk r . The gain peaks at those frequencies for which the dielectric function is nearly zero, i.e., when the light scatters from a natural mode of oscillation of the plasma, such as an ion acoustic or Langmuir wave. For ponderomotively driven SBS, the intensity gain exponent is
and for SRS, it is
where the fluid limit of the plasma dispersion function has been used. Here, v 0 is the oscillatory velocity of an electron in the laser electric field, and L SBS or L SRS is the smaller of the plasma length or, in an inhomogeneous plasma, the length over which the three-wave resonance for SBS or SRS is maintained. Here, a and a are the local acoustic frequency of the least damped mode and acoustic wave damping rate, respectively. In the pF3d modeling discussed in the following, there is a 0.5 mm scale length density gradient region in which little SRS growth occurs because there L SRS ϭ e / pe L n ϳ50 m for the SRS interaction. The effective absorption length L nr is much longer and, as discussed previously, the scattered SRS light can be absorbed by inverse bremstrahlung as it propagates from the resonant region to the detector. The group velocities of the laser light and the Brillouin and Raman scattered light are v g0 , v gb , v gr , respectively, and v g0,r ϭc 2 k 0,r / 0,r , v gb ϭC s , and v gl ϭ3k l v e 2 / l in the fluid limit. The important parameters are the laser intensity, the electron temperature, the electron density, the relevant damping rate, and the length L SRS or L SBS over which the matching conditions are maintained. If k p De , Ͻ0.2, the Landau damping is very small but collisional damping remains. In National Ignition Facility ͑NIF͒ relevant 3 to 6 keV plasmas, this collisional damping rate is very weak; if it were the only damping mechanism SRS would be absolutely unstable. In the second form of the SBS and SRS gain, one sees that the gain is zero in the resonant region at the convective temporal threshold.
For the parameters of the intensity scaling experiments, C 5 H 12 , it is instructive to evaluate typical rates. The convective threshold intensity is 2.6ϫ10 13 W/cm 2 , the energy spatial absorption rate is 0.26/mm for the incident light and 0.73/mm for the SRS light at the wavelength for optimum gain ( SRS ϭ564 nm) in a 0.1n c , 2.5 keV plasma. Thus, in 1 mm, half the SRS light and one-quarter of the incident light would be absorbed for these parameters. The convective SRS intensity gain exponent ͑without the absorption correction͒ is 56 for Lϭ1 mm at a laser intensity of 2ϫ10 15 1 . The threshold depends on the damping rate of the acoustic wave and thus, if the damping rate of the acoustic wave were increased while other plasma parameters are kept constant, the Langmuir wave can be driven to larger amplitude and more SRS would be expected for the same linear gain exponent.
The observed scaling with intensity is consistent with theories which describe the saturation of the Langmuir wave by secondary decays [7] [8] [9] and predict a linear dependence of reflectivity on laser intensity, ion wave damping rate, the electron temperature, and the plasma length R SRS ϳI L T e a L ␤ / a . The length dependence is determined by the axial coherence of the interaction with ␤ϭ3 for complete coherence and ␤ϭ1 for incoherence. Note the lack of dependence of the saturated reflectivity on the linear electron damping rate is consistent with the similar reflectivity for 7% and 10% critical plasma shown in Figs. 3͑a͒ and 3͑b͒ and the lack of temperature dependence shown in Fig. 4 .
Under the conditions studied here, the high laser beam intensities, long scale lengths, and high plasma temperature SRS are expected to produce large amplitude Langmuir waves that may be affected by a variety of non-linear processes. These processes include filamentation of the incident laser beam, that will substantially modify its intensity profile, and a variety of fluid and kinetic non-linearities of the Langmuir waves, including secondary decays and particle trapping. To assess more quantitatively the importance of nonlinear effects, the experimental conditions are simulated using PF3D
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. The plasma is simulated in two dimensions with a uniform density region of 1 mm where n e ϭ0.1n c and most of the SRS gain occurs. In addition, the plasma expansion region outside the density plateau is simulated with a density that starts from 0.035 nc and rises to 0.16 nc over a length of 0.52 mm. Thus, the effects of the plasma induced incoherence 33 and the reabsorption of the SRS light are included. The flow velocity in the plateau is initially zero; in the expansion region it flows outward toward the laser with a linear gradient. The flow at the peak density of the blast wave is inward and sonic, T e ϭ2.5 keV and T i ϭ600 eV in the plateau region. The laser beam, the Raman scattered light, and the Langmuir wave are all propagated through the plasma with the time and spatial variation of all waves accounted for. The incident laser field has an intensity distribution appropriate for the random phase plates and lens f-number used in the experiment. The SRS scattered light grows both from thermal Langmuir fluctuations and bremsstrahlung. The frequency shifts of the normal mode frequencies due to localized heating or density variations produced by ponderomotive forces of all the waves are accounted for. Shown in Fig. 6 , the simulated SRS reproduces the onset of SRS at an intensity of a few ϫ10 14 W/cm 2 , and grows up to 10% or greater at high intensity when the damping rates are the linear ones calculated for the plasma parameters appropriate at 1 ns. It is also observed that the simulated reflectivity is two or three times higher than the late-time measured ones and more than five times higher than the early time measured ones in the high intensity cases. Let us assume that non-linear processes are operating to limit the Langmuir wave amplitude and the scattering. Decay of the Langmuir wave through LDI 7-9 is one possible mechanism, and we have investigated its possible importance by introducing into the simulations an empirical amplitude dependent damping factor that makes the Langmuir wave damping increase sharply when its amplitude exceeds the threshold for LDI. Inclusion of the LDI enhanced damping rate does not reduce the scattered light unless the threshold for non-linear damping is reduced to ϳ3% of the LDI threshold. The reason is that, in the region of maximum SRS gain, the amplitude of the Langmuir wave has a rms value ten times smaller than the LDI threshold value, ␦n th LDI /n e ϳ0.1. Figure 6 shows that lowering the threshold 300 times reduces the simulated SRS below the measured SRS. Hence, the remaining discrepancies between the simulation and the measurements cannot be explained by LDI unless the threshold is much lower than it would be in a Maxwellian plasma. The observations of weak intensity dependence may also be consistent with saturation of the Langmuir wave by particle trapping and subsequent detuning of the wave. 20 The latter theories have the advantage that they also describe the reduction of the Langmuir wave damping rate 34 at the onset of SRS which may be consistent with our observations of significant SRS at intensities as low as 3ϫ10 14 W/cm 2 . However it may be more difficult to explain previous observations that SRS depends on ion acoustic wave damping with particle trapping theories that do not inherently involve ion-wave dynamics. Some simulations show 23 and some data suggest that SBS can reduce the amount of SRS. At low intensity the SBS reflectivity in these experiments is larger than the SRS and comparable to the SRS at the higher intensities for both early and late times. The SRS reflectivity increases with intensity for both early and late times with about the same onset intensity and similar values. On the other hand, the early time SBS is independent of intensity which also suggests a nonlinear saturation. The late-time SBS increases with intensity with an onset intensity similar to the SRS one and reflectivities similar to the SRS ones. This behavior does not appear to support a model where SBS suppresses SRS. Moreover, the SBS data themselves need a nonlinear saturation model. Thus, although an influence of SBS on SRS or vice versa cannot be ruled out, we have no viable model to offer in this case.
The variation with the electron-ion collision frequency can be understood in terms of the reabsorption of the SRS light in the plasma expansion region where SRS is inhibited by the density gradient detuning discussed earlier. For example, in the expansion region used in the pF3d simulations 35% of the SRS light is absorbed for no Xe whereas 70% is absorbed for 13% Xe because, as shown in Fig. 5 , the absorption rate increases threefold.
VII. CONCLUSIONS
These experiments have shown that the scaling of SRS reflectivity with incident beam intensity in large scale, hot plasmas shows only an approximately linear dependence with f /8 beams, and the scaling with electron temperature is also weak in experiments with f /4.3 beams, with a temperature dependence of the reflectivity that could be entirely described by the temperature dependence of the inverse bremstrahlung absorption of the backreflected light. The intensity scaling results occur in the presence of SBS reflectivity that is less than 3% and weakly varying. These results may be consistent with Langmuir waves that are saturated by nonlinear mechanisms. Further experiments in Xe doped plasmas allowed the electron-ion collision rate to be varied while the electron temperature was held constant, and showed that variation of the electron-ion collision rate can account for most of the observed dependence of SRS on electron temperature suggesting little temperature dependence of SRS by collisionless processes such as Landau damping.
